Addition of bovine serum albumin to cholorplasts inhibited by prior addition of 1 PM dibromothymoquinone results in a time-and light-dependent restoration of electron transport activity. The kinetics of this reversal reaction are complex, and indicate that it is controlled by the degree to which the thylakoid membranes are energized. The presence of ADP and inorganic phosphate, or of uncouplers, serves to retard the rate of reversal, whereas an acceleration of reversal is observed if the thylakoid membranes have been intentionally unstacked by exposure to low-salt medium. The reversal reaction reported here is unique to bovine serum albumin, and does not require the function of the free sulfhydryl group on the protein.
At low concentrations (51 PM), dibromothymoquinone (DBMIB)3 inhibits photosynthetic electron transport in isolated chloroplasts at a site located between photosystem II and photosystem I (1); the inhibition is presumed to arise from interference with the oxidation of plastoquinone (2). Higher concentrations of DBMIB (>3 PM) exert an inhibitory influence on chloroplast electron transport at a second site close to the reducing side of photosystem II (3-6). Guikema and Yocum (6) characterized the differences between the high-affinity (I 1 PM) and low-affinity (>3 PM) sites of DBMIB inhibition by showing that the thiolmediated reversal of inhibition at these sites by thiols differed both with regard to the thiol/DBMIB ratio necessary to affect ' This research was supported by a grant from the National Science Foundation (PCM78-7909).
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reversal, and with regard to the time of dark exposure to thiol required for reversal of inhibition. It was also shown that BSA was capable of partially reversing the inhibition of electron transport by DBMIB at the low-affinity site; no such reversal of inhibition at the high-affinity inhibition site was observed in these experiments.
The ability of BSA to bind DBMIB in solution, and thus to prevent inhibition of chloroplast electron transport activity, is well documented ('7). In addition, Reimer et al. (8) have recently shown that BSA/ DBMIB ratios substantially higher than those used by Guikema and Yocum (6) can reverse the high-affinity site of DBMIB inhibition, in an assay system where ferredoxin/NADP was the electron acceptor. We have continued our studies on the interaction between membrane-associated DBMIB and exogenously added BSA. In this communication we report the results of a series of experiments which demonstrate that BSA can remove DBMIB from the high-affinity site on the thylakoid membrane in a reaction which is regulated by the energized state of the membranes. This reaction is unique to BSA; neither other proteins nor thiols we have examined can produce a reversal of DBMIB inhibition similar to that reported here.
MATERIALS AND METHODS
Spinach chloroplasts were prepared as described by Robinson and Yocum (9) and stored at -70°C in 0.5 ml aliquots prior to assay. Dimeric and monomeric BSA were prepared as follows: 100 mg of BSA was dissolved in 2 ml of 20 mM Tricine (pH 8) containing 20 mM NaCl. The solution was applied to a Sephadex G-200 column (2.3 x 65 cm) equilibrated in the buffer used to dissolve the protein. All operations were carried out at 4°C. The flow rate of the column was adjusted to 20 ml/h, and l.O-ml fractions were collected and analyzed for absorption at 280 nm. Protein-containing material comprised of oligomeric, dimeric, and monomeric forms of BSA were collected and pooled according to the elution profile. The protein concentration was determined baaed on an pzinrn of 43.6. Charcoal-defatted BSA was prepared by the procedure of Chen (lo), and sulfhydryl-blocked BSA (BSA-CAM) was prepared by the procedure of Nikkel and Foster (11) .
Electron transport activity of isolated chloroplasts was assayed by measuring either oygen evolution or uptake with a Clark-type electrode fitted to a thermostatted (25°C) l&ml cuvette. The reaction mixture contained 53 mM Tricine (pH 8), 66 mM NaCl, 3.3 mM MgCl,, 1.3 mM KCN, 66 ELM methylviologen, and 31 pg chlorophyll unless otherwise noted in the legends to the figures. When assays were conducted under conditions to produce unstacking of the thylakoid membranes, both NaCl and MgCl, were omitted from the reaction mixture and the chloroplasts were incubated for 2 min in this low-salt mixture, which has been shown to produce unstacking (12, 13) prior to illumination. Membranes were restacked by incubation in the reaction mixture (-NaCl, -MgCl,) for 20 min to produce unstacking, after which both NaCl (66 mM) and MgCl, (3.3 mM) were added, followed by a Zmin incubation period before illumination. Saturating illumination (1 X 106 ergs/ cm2.s) was provided by an Oriel Model 6325 light source filtered through 5 cm of an 0.2% solution of CuSO, and a red cut-on filter (A > 600 nm). Light intensities were varied in some experiments by placing wire mesh screens in the light path, and the resulting intensities were measured at the cuvette surface with a YSI Model 65 Radiometer. Measurements of the light-induced absorbance changes at 518 nm were made with an Aminco DW-2 dual wavelength spectrophotometer, using the wavelength pair 518-540 nm.
Crystallized, lyophilized BSA (catalog No. A4378) was obtained from Sigma. The following were also obtained from Sigma: Valinomycin, cysteine, lysozyme, jack bean urease, iodoacetamide, and Tricine. Gramicidin was from Mann Research, and DBMIB was a gift from Dr. J. N. Siedow. All other chemicals used in these studies were of the purest grades commercially available.
RESULTS
At the outset of the experiments reported here, we were interested in determining the cause for our inability to observe reversal by BSA of DBMIB inhibition of photosynthetic electron transport at the high-affinity site, a reversal which Reimer et al. (8) had demonstrated. Whereas these investigators had employed ferredoxin/NADP as an electron acceptor, we had used ferricyanide. It was therefore possible that ferricyanide was in some way interfering with the binding of DBMIB to BSA. That this is in fact true is shown by the data presented in Fig. 1 , showing the ability of low concentrations of DBMIB to inhibit electron transport. The chloroplast suspensions used for these assays contain 2 mg/ml BSA; thus, BSA is carried over into the reaction mixture to a final concentration of about 0.2 PM. Note that when methylviologen is the electron acceptor, the inhibitory potency of DBMIB is decreased in the region from 0 to 0.2 PM. No such effect was seen when ferricyanide served as the electron acceptor. This result suggested to us that femicyanide, an anion, might interfere with the interaction between BSA and DBMIB. As shown in Fig. 1 , when ferrocyanide was included in the methylviologen assay system, a treatment which had no effect on the rate of methylviologen reduction, the inhibition of activity by DBMIB was observed to proceed in a fashion identical to that observed in the ferricyanide system. Thus, it appears that (i) DBMIB binding to BSA occurs in the methylviologen system and (ii) either ferricyanide or ferrocyanide can prevent binding. When BSA interference is removed by addition of ferrocyanide, DBMIB is an equally potent inhibitor of both ferricyanide and methylviologen reduction. We calculate from results such as those shown in Fig. 1 that DBMIB has an inhibitory I, value of 0.03 FM, which indicates that fewer than two molecules of inhibitor are required per electron transport chain to produce a 50% inhibition of activity, in agreement with other results (14).
In the course of the experiments shown in Fig. 1 , we also noted that BSA, when added Inhibition of chloroplast electron transport by DBMIB. Assay conditions are described under Materials and Methods, except that methylviologen was omitted when ferricyanide was used as the electron acceptor, and ADP (1 mM) and inorganic phosphate (5 mM) were present in all assays. The chloroplasts plus DBMIB were incubated for 1 min prior to illumination.
to the methylviologen assay system after BSA at the onset of illumination of the readdition of 1 PM DBMIB to the chloro-action mixture. Several points are illusplasts, was capable of reversing inhibition trated by these results. First, addition of of electron transport activity. In contrast BSA does not, under these conditions of to the results of Reimer et al. (8), we ob-assay, produce an immediate reversal of inserved that the reversal phenomenon was hibition. Rather, there is a period where no time dependent, rather than immediate. electron transport activity is observed, folOxygen electrode tracings from our experi-lowed thereafter by the appearance of a low ments are shown in Fig. 2 , where chloro-rate of oxygen uptake which is then superplasts inhibited by 1 PM DBMIB, either in ceded by uninhibited activity. Second, the the absence of ADP and inorganic phos-times for reversal to occur (as determined phate, or in the presence of gramicidin, by the extrapolation, shown in tion of the concentration of BSA added to the assay system, the result shown in Fig.  3 (left) is obtained; if the reciprocal of the reversal time is used instead, the linear plot shown in Fig. 3 (right) is produced. Extrapolation of this plot to the abscissa (infinite time) provides an estimate of the minimum concentration of BSA required to reverse DBMIB inhibition, while the slope of this line provides an indication of the rate of reversal of inhibition. This method (Fig.  3 (right) ) for plotting the results of inhibition reversal experiments was applied to the analysis of data generated in a number of experiments in which chloroplasts inhibited with 1 PM DBMIB were exposed to both varying concentrations of BSA and varying conditions of assay with regard to the degree of membrane energization. The results of these experiments, shown in Fig.  4 , indicate that although the abscissa intercept is subject to little variation by the conditions of assay, the time required for reversal of DBMIB inhibition of electron transport by added BSA, as monitored by the slopes of the lines in Fig. 4 , is regulated by the energized state of the thylakoid membranes during illumination. In the absence of ADP and inorganic phosphate, reversal is relatively rapid; longer time requirements are imposed on the reversal process by addition of ADP plus inorganic phosphate, as well as by the addition of uncouplers (gramicidin, methylamine). Thus the energized state of the chloroplast membrane appears to regulate the time required for reversal to occur, but not the amount of BSA minimally required to effect reversal (the abscissa intercept of Fig. 4 ).
There are two probable explanations for the results shown in Fig. 4 . Either the energization of the thylakoid membranes generates a change in the structure of the membrane (perhaps shrinking or swelling), which enhances the ability of BSA to interact with membrane-associated DBMIB, or the presence of a membrane potential is acting to promote the inhibitor-protein interaction. The first of these possibilities (a gross structural change in the membrane) was tested with unstacked chloroplasts produced by placing membranes in a low-salt medium (Fig. 5) a The 513nm absorbance change and electron transport activities were measured as described under Materials and Methods, with the addition of 10 mM KCl. The uninhibited extent (100%) of the 518nm change was 0.008 A. Absorbanee changes were recorded on a single averager, and the amplitude was determined from the change observed upon the opening of the electronic shutter to avoid slower changes due to scatter. The time constant for the system was 5 ms for 63% of full-scale response.
figure for purposes of comparison. An increased rate of reversal of inhibition is observed with unstacked membranes, even in the presence .of gramicidin, although unstacked, uncoupled chloroplasts show a longer time requirement for reversal to occur. These reversal times are more rapid than those observed with stacked chloroplast membranes assayed under the same conditions, and restacking of the membranes, also shown in Fig. 5 , generates a requirement for a longer illumination time to produce reversal.
The possible role of a membrane potential in regulating BSA-DBMIB interactions was also examined using valinomycin plus KCl. Since Voegeli et -al. (15) had shown that valinomycin was an inhibitor of electron transport between photosystem II and photosystem I at a site similar to that affected by DBMIB, we compared the effects of the ionophore both on the 518-nm ,carotenoid bandshift, which monitors membrane potential . (16), and on the rate of photosynthetic electron transport in our ehloroplast preparations. The data from these experiments (Table I) show that valinomycin at the concentrations used here cannot ,abolish the 518-nm absorption change without concomitantly blocking some electron transport activity. With this finding in mind, we examined the effect of valinomycin plus KC1 on the ability of BSA to reverse DBMIB inhibition (Table II) . The results shown here indicate that valinomycin can prolong the time necessary for BSA to reverse DBMIB inhibition. However, this effect is not necessarily due entirely to an effect on the membrane potential; reversal of inhibition in gramicidin-uncoupled chloroplast membranes is also retarded by valinomycin (Table II) .
The effect of incident light intensity on the assay system during reversal of DBMIB inhibition of electron transport by BSA was also examined, in an effort to determine if limiting electron transport activity (at low light intensities) would produce an effect on the time required for reversal to occur. A summary of these experiments, presented in Table III , shows that the intensity of illumination during the reversal process does not influence the times required for appearance of the uninhibited rate of electron transport, even though these rates are attenuated at the lower intensities. Similar results were obtained with gramicidin-uncoupled chloroplasts (data not shown). .n Assay conditions are as described in the legend for Fig. 2 , except that NaCN replaced KCN. The BSA concentration was 3.2 FM; when present, the concentrations of KC1 and ,gramicidin were 16 mM .and 5 pg0.5 ml, respectively. All assays cwere conduded in the absence of ADP and inorganic phosphate. a Conditions and procedures used for assay are described in the legend to Fig. 2 (assayed in the absence of ADP and inorganic phosphate). The BSA concentration was 2.5 PM.
The results presented thus far have sought to characterize the process by which BSA reverses DBMIB inhibition of electron transport in terms of changes in the thylakoid membranes, and the electron transport activity associated with them. We have also sought to characterize this reversal phenomenon in terms of modifications of BSA. Commercially available BSA, such as that used in these studies, contains some dimerized protein which can be isolated by gel filtration, as described under Materials and Methods. Figure 6 compares the abilities of both purified monomeric and dimeric species of BSA to reverse DBMIB inhibition of electron transport activity. Although the dimer is able to effect reversal, the reversal process requires longer times in the light, and higher concentrations of dimer are necessary, as evidenced by the change in the abscissa intercept shown in Fig. 5 . Figure 7 presents the results of reversal assays carried out with charcoal-defatted BSA (lo), and with BSA treated with iodoacetamide to block the free -SH group on the protein (11). Neither defatting nor carboxymethylation has an appreciable effect on the ability of BSA to reverse electron transport inhibition. In the case of the protein treated with iodoacetamide, the free -SH group is shown not to be required for reversal to occur (17).
We have also compared the efficacy, in reversal of DBMIB inhibition, of a number of compounds, shown in Table IV ; BSA is included here for purposes of comparison. These data show that both thiols (DTT, cysteine) and proteins (lysozyme, jack bean urease) are capable of releasing the inbibi- tion imposed on electron transport by metric relationship exists between BSA and DBMIB, although with altered kinetics DBMIB which is reflected in the times re-(data not shown). Note, however, that re-quired for optimal recovery of the electron versal of inhibition by these compounds is transport apparatus from inhibition. That invariably slower than with BSA, and such an interaction exists is confirmed by also that the response to the energized state the data shown in Fig. 8 . These experiments of the thylakoid membranes is most pro-involved the assay of inhibition reversal nounced when BSA is the agent used to using the concentrations of DBMIB shown reverse inhibition. These results suggest in the figure. Unstacked chloroplasts were the existence of a unique interaction be-used to minimize both the time required tween BSA and DBMIB; other data pre-for reversal and thus the possible damage to sented earlier (the abscissa intercepts of photoactivity caused by the prolonged illuFigs. 3-7) also indicate that some stoichio-mination times required at high DBMIB ment the ability of BSA to reverse the in-t hibition by DBMIB of photosynthetic elec-2 tron transport. This reversal process is complex, and is comprised of the restoration first of a low rate of electron flow followed thereafter by the appearance of the uninhibited rate of methylviologen reduction (Fig. 2) . The failure of Reimer et al. (8) to observe this phenomenon may be due to the fact that these investigators used high concentrations of BSA added to osmotically shocked chloroplasts. A further complexity associated with the reversal process is revealed by our observation that the time required for reversal to occur is governed by the energized state of the chloroplast membranes in the light (Figs. 2 and 4 ). Conditions under which the thylakoids should be maximally energized (illumination in the absence of ADP and inorganic phosphate) are those conditions which generate the shortest time requirements for reversal to occur; these times are significantly lengthened by the inclusion of either ADP and inorganic phosphate, or of uncouplers, in the assay medium. Furthermore, the reversal phenomenon appears to be unique to the BSA-DBMIB interaction, as evidenced by the failure of either other proteins or thiols to produce a similar effect (Table IV) . Energization by illumination of thylakoid membranes has been shown by a number of investigators (13, (18) (19) (20) to induce structural changes in these membranes (shrinking, swelling). We have sought to correlate such changes with the reversal phenomenon reported here. Unstacking of the thylakoid membranes, a swelling effect, dramatically decreases the time required for BSA to reverse DBMIB inhibition (Fig.  5) , suggesting in turn that some light-induced swelling of membranes during energization could serve to regulate the ability of BSA to interact with DBMIB. In this regard, the findings with methylamine (Fig.   4 ), which should induce thylakoid swelling by amine uptake (X3), cannot be reconciled to a model in which expansion of membrane volume by itself promotes access of BSA to membrane-associated DBMIB. The ability of both methylamine and gramicidin to prolong the illumination times required for reversal of DBMIB inhibition to occur suggests that A pH and/or a membrane potential might play a role in facilitating reversal. Attempts to assess a possible contribution of membrane potential to the reversal process have produced ambiguous results, owing to the ability of valinomycin to inhibit electron transport activity (Table I) . It is certainly possible that the change in surface potential which occurs upon illumination of thylakoids (21) could in turn affect the ability of BSA to react with membrane-associated DBMIB, and our data do not eliminate this possibility.
Our results indicate that DBMIB is removed from its site of inhibition on or in the thylakoid membrane by means of a specific interaction between the inhibitor and BSA.
